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ABSTRACT 

.-~ 
A theoretical analysis for the; t ransfer  of cur ren t  between a 

power lead and a superconductoriis given. 

uniformly distributed surface resistivity exists between the superconductor 

and the normal conductor. 

This analysis assumes that a 

Experimental resul ts  with contacts between superconductors 

and power leads have been obtained during the course of experiments with 

short  samples and smal l  solenoids. These resul ts  a r e  presented. The 

theoretical predictions have been checked experimentally and the resul ts  

a r e  given. 

It i s  concluded that the maximum curren t  which can be t rans-  

(1) The magnitude f e r r ed  through a joint, i s  a function of the following: 

and direction of the magnetic field a t  the joint; (2)  the cooling of the joint; 

( 3 )  the contact resistance. 

and aligned paral le l  to the magnetic field. 

paralleling joints. 

Joints should be located in low field regions 

Reliability can be improved by 

Crimped joints with indium coated wires  and tubes a r e  

satisfactory for most  applications. 
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CURRENT TRANSFER IN CONTACTS INVOLVING SUPERCONDUCTORS 

E. J. Lucas and Z .  J. J. Stekly 
Avco- Ever ett Research Laboratory, Everett,  Mas sachus ett s 

and 

C. Laverick and G. Pewitt 
Argonne National Laboratory, Argonne, Illinois 

INTRODUCTION 

Joints between power leads and superconductors and between super- 

conductors can be a source of e r r o r  in  experiments on superconductivity 

and of trouble and expense in superconducting magnets. 

The following is a presentation of a theoretical and experimental 

p rogram that was car r ied  on t o  (1) develop a reliable contact that could be 

used in  high field superconducting magnets, (2) analyze the mechanism 

whereby current  is t ransferred to a superconductor, (3) establish design 

parameters  that would permit  comparative measurements to  be made on 

various types of joints and (4) to  establish a testing procedure for  making 

such comparative measurements. 

THEORETICAL ANALYSIS 

Current Transfer  

The t ransfer  of current  into a superconductor f rom a normal conduc- 

tor in a contact can be idealized by the circuit  shown in Fig. 1. 

contact the surface resistance may vary along the length of the contact, e s -  

pecially in one which is made by crimping the normal mater ia l  around the 

superconductor at  several  points. 

In an actual 

F o r  the purpose of this analysis it is 



assumed that an average uniformly distributed surface resist ivity exists be- 

tween the superconductor and the normal conductor. 

Initially all the current  is in the normal conductor. The t ransfer  

starts at the beginning of the contact between normal conductor and the super- 

conductor. 

that the superconductor remains in its superconducting state with zero  r e -  

sistance throughout the length of the contact. 

Let u s  assume initially that the temperatures  a r e  low enough so 

If we wri te  the circuit  equations for  a length A x of the ladder net- 

work shown in Fig. 1, and then allow A x to  approach zero,  the equation for  

the cur ren t  in the normal conductor is: 

-Y 

n I 
2 

n -  
dL I 

2 dx 
- -  

X 
S 

where 

X = d  S r 
S 

and the quantities r and S a r e  defined as follows: 

r 

S = surface resis tance of unit length of contact [n cm] 

= resistance per  unit length of normal conductor [ Q/cm]  

The boundary conditions a re :  

I = I at x = Oand n 0 

I = ~ a t x = l  n 

This resul ts  in  an  equation fo r  the cur ren t  in the normal conductor: 

s inh e-x 
X 

I = I  n o  
X 
S 

2 

. 



h 

and the current  in the superconductor 

X 
S 

s inh 

sinh 
S - 

Is = I 
0 (3) 

The potential V of the normal mater ia l  above the potential of the super- 

conductor is given locally by the current  flowing through the surface res i s t -  

ant e: 

d I  S I  0 cosh( e-x X S ) 
e (4) - v = - s  - 

X s inh S 
d x  

X 
S 

The voltage at x = 0 divided by I represents  the resis tance of the contact: 
0 

coth - ' = r x coth- e (5) - S - 
X X S X 

0 S S S x = o  
R =  

C 

The above expression for  contact res is tance is plotted in Fig. 2 and shows 

that for  long contacts ( e/x large) the contact res is tance is equal to  the re -  

sistance of a length x of the normal conductor. 

the contact resistance increases  rapidly as e/x 

S 

F o r  short  contacts (Vxs  c1.0) 
decreases .  

S 

S 

In some experiments the contact resistance has been measured using 

The measured r e -  a potential difference at the end of the contact ( x = e ). 
sistance for this case  is: 

r x  
(6 1 S - - 

0 x = e  x S sinh j / x s  = *  " I  S 

- Re - I 

This relationship is shown plotted in Fig. 2. 

Measurement of Re i s  a measure of surface contact res is tance for  
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&/xs < 1.0 for e/xs > 1 .0 ,  R -0 and a low value does not neces- e 
sar i ly  mean that a low surface resistance has been achieved. 

T e mp e r atur e Di s t r ibution 

The current  t ransfer  character is t ics  of a contact a r e  only one half of 

the overall picture, since fai lure  of a contact resul ts  when the combination 

of current  and temperature to which the superconductor is subjected is in- 

consistent with i ts  being able to remain superconducting. 

W e  shall consider two types of contacts of normal conductor to super- 

conductor. The two contacts a r e  shown idealized in Fig. 3 .  

(1) The f i rs t  contact consists of a normal conductor which is exposed 

to helium up to the point where the superconducting-normal contact is made. 

( 2 )  The second one consists of a contact that is cooled for  its entire 

length. 

The temperature distribution for each case  is calculated f rom the one 

dimensional heat conduction equation: 

(7 )  
Joule he at gene ration 

2 - PT ' unit length of contact 

In the above equation k is the thermal conductivity which, for simplicity, 

i s  assumed independent of temperature,  A is the c ros s  sectional a r e a  of 

the normal conductor, P is the cooled per imeter ,  h is  the heat t ransfer  

c o effic ient . 

= o  a 2~ 

a x  
k A  

F o r  the Case I where the conductor is cooled only before contact is 

made with the superconductor: 

for x 5 0: 
m 

2 L a~ 
a x  

kA -& - h P T  t r Io = o  
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F o r  the region where the current is t ransferr ing into the superconductor 

the heat generated per  unit length is given by: 

2 

Joule Unit Length Heating = I n t s  ( ",n ) ( 9 )  

the f i r s t  t e r m  represents  heat generated in the normal conductor and the 

second t e r m  heat generated in  the surface resis tance by the t ransfer  of 

cur ren t  f rom normal conductor to superconductor. 

Substituting for I f rom Eq. 2 resul ts  in: n 

cosh 2 e - x  
X Joule Heating = 2 S 

Unit Length 0 
I 

X e S l 2  s inh 

For this contact we have assumed that the t ransfer  of current  takes plac, 

in the insulated par t  of the contact, so the temperature  distribution i s  

given by: 

2 t r Io a 2~ 
2 kA 

a x  
= o  

X l O  

Equations 8 and 11 together define the temperature distribution in the 

contact . 

( 1  1 )  

whole 

For  simplicity we shall take the temperature  T to represent  the tem- 

perature  r i s e  above the cooling bath. 

T f  00 a t x - - m  

dT - = 0 a t  x = 1 (no heat conducted out of the end longitudinally) dx 

The boundary conditions are then: 

continuous at  x = 0 dT 
dx T, -- 
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Using these 

x 2  0 

boundary conditions together with equations 8 and 11: 

hPT 
2 

-- 
r10 

x f O  

hPT 
2 

Io 

where 

x =  - 
0 

L X 

X X 

S 

0 S 
coth - 

X 

c 

Case I1 - F o r  this case,  the contact is cooled for its entire length and Eq. 11 

is replaced by: 

a -  x x >  0 

kA - 
c o s h 2  

( 1 3 )  
S = o  2 

2 
sinh uxs 3 [ 

- h PT t r Io d2 T 
2 dx 

while the temperature in the region x I 0 is still obtained f rom Eq. 8. The 

boundary conditions remain unchanged (we still neglect any heat t ransfer  

out the end of the contact, so  dT/dx = 0 at x = a ). 
The resul ts  for the temperature distribution a re :  

l 
- 6 2  

- _ _ _ _  
X = e  o cosh h P T  

r I  2 
C 

X 
0 

6 

t- xo sinh- 2 1  
X 

coFh 7 
S 

2 1 -  



4 

and 

x c o  

= l t  h P T  
2 

Io 

co +) h 2  (- 
t 

2 1  X 
0 cosh 2 sinh - -- E e+,- S X S X S X 

2 e o cosh 1 -  
X e 0 I f -‘$)Iinh xs ] 

e c o s h 2  
S - 0 
L 

2 

-1 + 
X 0 ) b i n .  

(1 - 
X 
S 

X 
1 x  

Results of Theoretical Analysis 

The resul ts  of the theoretical analysis a r e  best  shown in graphical 

form.  

perature  analysis for a contact of length 1 = x S’ 

Figure 4 summarizes the details of the current  t ransfer  and tem- 

and xs = 2.5 xo. 

The figure shows the current in the superconductor, cur ren t  in the 

normal conductor, voltage in the normal conductor with reference to the 

superconductor, heating pe r  unit length of contact, temperature distribution 

for  the case of a contact with an insulated section in the region of the super- 

conducting wire,  and for the case where it is cooled f o r  i ts  entire length. 

The heat generation per  unit length requires  a comment at this point. 

Until current  t ransfer  begins, the heat generation is merely the joule heat- 

ing in the normal conductor. However, when the t ransfer  of current  begins, 
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additional heating occurs at the interface between the normal conductor and 

the superconductor. Since the current  in the normal conductor is still very 

close to i ts  initial value, an increase in heat generation occurs .  

F o r  a contact which i s  insulated in the region of cur ren t  t ransfer ,  

the maximum temperature occurs at the end of the contact (x = e  ) where 

the superconductor is  required to c a r r y  the full current  Io flowing through 

the contact. F rom Eq. 12 the temperature at this point is:  

e coth S 
X 2 x  

) --- 1 
2 

h P T  

2 r I  
e - l t -  ( y -  X 

0 0 S 

---- - 

0 

Note that the temperature r i s e  Te drops as ,l! increases .  

If the temperature T is such that the superconductor cannot c a r r y  e 

the current  I then the superconductor becomes resis t ive.  
0’ 

In general, under a given set  of conditions we can define a temperature  

r i s e  above the cooling bath Tc which will make the superconductor resist ive;  

a l so  le t  us define a current  I 

ductor while i t  i s  at the bath temperature.  

through the superconductor I 

which can be passed through the supercon- 
C 

The current  which can be passed 

is a function of i t s  temperature  T ,  and falls 
0 

f rom IC at T = 0 to zero  at T = T . As an approximation let  us  assume 
C 

that t h i s  decrease in  current  carrying capacity i s  l inear .  

8 



Using this relationship between current  I and temperature T a s  well 
0 

as  Eq. 16 fo r  the maximum temperature in the contact resul ts  in: 

The inequality denotes the values of the expression on the right for  the 

superconductor in the contact to remain superconducting up to  a fraction 

Io/Ic of the current  it could ca r ry  if it were truly a t  the temperature of the 

sur  rounding bath. 

Fo r  case  11, where the contact i s  cooled for its entire length, the 

maximum temperature occurs near the beginning of the contact, where the 

cur ren t  has not yet fully t ransferred into the superconductor. F r o m  the 

temperature distribution in Eq. 14, and using Eq. 17 the allowable cur ren t  

in the superconductor can be obtained: 

e- x 
e - -  2 
X o cash - 

X (q) IC 1 1 c 2  0 ( 1 -  ) = e  0 

c o s h 2  ( e-x) 
S 

2 2 + S 

X 
(1-4 %) [sinh -$] 

X l 2  “ I  S 

a+- xo si& 
X 

cosh 
X 
S S 

2 1 -  
X 

(1-4 - ) [sinh x- 
S 

2 
X 

S 

The actual cur ren t  flowing in the superconductor at any point i s  given by 

Eq. 3 and var ies  along the length of the contact. 

When the allowable current Ia, a t  any point becomes equal to the cur -  

rent I, the limiting condition i s  reached and any fur ther  increase in  cur ren t  
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through the contact makes the superconductor resist ive.  

In designing a contact Case 1 resul ts  in an  expression (Eq. 18) which 

is relatively easy to use. The case  I1 solution clear ly  shows that the tem- 

peratures  a r e  reduced f rom those of case  I and therefore contacts which 

satisfy Eq. 18 will  have an additional safety factor if they a r e  cooled over 

their  whole length. 

T o  see the effect of the individual variables on the contact perform- 

ance we can write Eq. (18) in  t e r m s  of pr imary  quantities: 

- 2 

+ z  kAT 
C r 

h P k A  T 

SI 2 
1 

C C 1 - cothe\l--S 2- 

0 
r I  

h P T  

I 1 -  

C C C I 

(20) 
(T O )  

C 

F o r  values of Io/Ic close to unity the left hand side of the equation 

becomes merely 1 - Io/Ic. 

ha . the following characterist ics:  

F r o m  the above it is c lear  that a good contact 

1. 

2. Low surface resis tance 

3. 

4. 

High thermal and electrical  conductivity in the normal  conductor. 

A contact length longer than 

Good cooling as far a s  exposing the surface to the bath, as 

well a s  good thermal  contact between the superconductor 

and the normal conductor. 

High Tc obtained by placing contact in region of low field. 

Fo r  a given Io, we would like high IC which i s  obtainable by placing 

the superconductor parallel  to the magnetic field. 

5. 

6. 

It is important to point out that the limitation on the contact is a 

thermal  one, and that having a low resist ivity alone does not insure good 

contact performance. 

10 



The onset of resistance in a contact may be catastrophic or  gradual 

depending on the cooling available. 

ductor results in a new current distribution, with a new distribution of 

joule and surface heating. 

tion could readjust to a new stable situation resulting in  a higher resistance 

in the contact, but not a catastrophic propagation of the resist ive region. 

It is expected that this increase in contact resistance would be catastrophic 

in the case where the current  transfer section is insulated, because the 

highest temperature occurs at the point where the superconductor is required 

to c a r r y  the most current.  

situation will  probably result. 

Onset of resistance in the supercon- 

It i s  conceivable that the temperature distribu- 

Once this point becomes resist ive,  an unstable 

If the contact is cooled for i ts  full length the appearance of resistance 

occurs at a point in the contact where the superconductor doesn't have to  

c a r r y  the full current,  so that a new stable situation with a higher contact 

resistance is possible. 

EXPERIMENTAL INVESTIGATIONS 

Introduction 

Experimental investigations were  car r ied  on with two objectives in  

mind. The first objective was  to tes t  the predictions of the theoretical anal- 

ysis  presented in the previous section and to subsequently establish a testing 

procedure which would permit a quantitative comparison of the various meth- 

ods of t ransferr ing current to  superconducting wires .  

w a s  to develop a contact which could reliably be used in superconducting 

magnets requiring energizing currents up to 35 amperes .  

The second objective 

11 



Experiments to Test Theoretical Predictions 

Two groups of experiments were run to check out the theoretical p re-  

dictions of this paper. 

were longer than x 

that were  shorter o r  at most comparable to xs. 

The f i r s t  group involved the use of contacts that 

while the second group involved the use of contacts 
S' 

Six samples were  made for the f i r s t  group of experiments. These 

samples were all approximately twenty inches long and had a contact length 

of approximately sixteen inches. 

copper tubing having an outside diameter of 1/8 inch and an inside diameter 

of . 0 3 0 " .  

I%-3370 Z r  wire.  

All of the contacts made use of OFHC 

In each case  the superconductor was a .010" outside diameter 

The contacts were  made by cleaning the copper tubes with a non-acid 

flux, inserting the superconducting wire  along with some filler wires  into 

the tube, and then collapsing the walls of the tube around the wires  with a 

crimping tool. 

Two types of crimping tools were  used. The first consisted of a set  

of diamond shaped dies that were brought together around the contact by 

means of a hydraulic press ,  while the second was a hand-operated Stakon 

(type T and B) tool. 

Voltage taps were  placed along the length of the contact. These taps 

were  placed at one inch intervals except in the two inch length bracketing 

the start of the contact where they were  placed at 1/4 inch intervals. These 

taps were attached to the copper tube with high purity indium solder.  

was t ransferred to  the copper tube f rom an external lead by soldering the 

lead to the tube with a 50% tin-5070 lead soft solder. 

Power 

12 
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A detailed description of each of the samples is given in Appendix 1. 

Testing of each of the samples w a s  accomplished by immersing the 

contact in  liquid helium and exciting it with cur ren ts  of 30, 50 and 70 

amperes .  Voltage measurements were  then read at each of the taps with 

the superconducting wire  serving as the reference.  

tes ted in pa i r s  so that the excitation current  t ransfer red  through one con- 

tact to  the superconductor and then f rom the superconductor t o  the second 

contact. 

of voltages read. 

The contacts were  

Reversing the excitation leads made no difference in  the magnitude 

Figure 5 is a plot of volts/amperes versus  distance f rom the contact 

end for  sample No. 2. 

for  the other five samples.  

t e r i s t ics  that were  obtained from the samples tested in this group. 

This curve is typical of those that were  obtained 

Table one is a summary of the contact charac- 

Table 1 

X 
7 ( Q c m  s 7  x 10 ) 

S r 
Sample No. (cm. 1 ( Q / c m  x 10 ) 

.645 3 .  03 

.762 2.44 

1.27 2.70 

1. 52 2.46 

1. 52 3 .02  

1. 14 2.44 

1.26 

1.42 

4 . 3 5  

5.70 

7.00 

3.04 

The second group of samples tested were  constructed in  a manner 

identical to sample #3  in the f i r s t  group except that their  conductor con- 

tact  lengths were  1 inch, 1/2 inch and 1/4 inch respectively and the voltage 

taps were  placed a t  1/8 inch intervals in the vicinity of the start of the con- 

tact between the superconductor and the normal conductor. 

13 



These samples were  tested in the same  fashion a s  the first group ex- 

cept that the tes ts  were repeated in and out of magnetic fields. 

Figure 6 is  a plot of the volts/amperes versus  distance from the con- 

tact  end for each of these three contacts in zero  magnetic field. 

superconducting wire was used a s  the reference point for those measurements.  

Figure 6 shows the variation of the voltage distribution as the length i s  changed. 

Theory predicts that the resis tance Rc should decrease with increasing length, 

yet R, for the 1/2-inch length i s  l ess  than for the 1-inch length. 

that this is due to a variation of the surface contact res is tance where a better 

surface resist ivity has  been achieved in the 1/2-inch contact. 

Again the 

It is expected 

Table 2 is a summary of the contact character is t ics  that were  obtained 

by making use  of the measurements  made on these tes t s  and the xs obtained 

f rom sample #3 of the f i r s t  group. 

Table 2 

Sample # 

7 

7 

7 

8 

8 

8 

9 

9 

r 

( W c m  
7 x 10 ) 

2.64 

2.94 

3. 63 

2.49 

2.7 

3. 14 

2.76 

3. 82 

C 
R 

( Q  

x 10 ) 8 

31 

36 

39 

27  

33 

50 

105 

150 

External 
Field Rc 

Re 
S (Kd 8 r x  e 

(cm)  x 10 ) 

2.54 12 .93. 0 

2.54 11 .97 30 

2.54 12 .85 50 

1.27 15 .86 0 

1.27 12 .96 30 

1.27 22  1.25 50 

.635 90 3.0 0 

50 .635 124 3.1 

(xs = 1. 27 c m  was assumed to be equal to that of sample 3 which was made the 

s a m e  way a s  samples 7 to 9. ) 
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In the tes ts  involving sample #7 the magnetic field was paral le l  to the 

long dimension of the contact, while in  the tes ts  involving samples 8 and 9 it 

was perpendicular to  the long dimensions of the contacts. 

Figure 7 i s  a replot of the theoretical curve for Rc shown in Fig.  2 

with the points obtained for  samples 7 ,  8 and 9 superimposed. The three points 

shown for samples 7 and 8 and the two shown for sample 9 a r e  the value of 

Rc/r  xs that were  obtained a t  the various magnetic field intensities. 

used was that value obtained from sample 3 .  

to the theoretical predictions and their departure from the theoretical curve 

represents  the accuracy with which quantitative predictions can be made on 

contacts based on data gathered on a long contact made in the same way. 

The xs 

The data of all reasonably close 

CONTACTS FOR CURRENTS U P  TO 35 AMPERES 

Two types of contacts a r e  usually required in superconducting magnets. 

These contacts are:  (1) contacts between power leads and the superconducting 

wires  a t  the ends of the coil and (2) contacts between the superconducting wires  

themselves. 

The purpose of this portion of the program was to develop normal con- 

ductor to superconductor and a superconductor to superconductor contacts 

that could reliably be used in superconducting magnets that required excita- 

tion currents  up to 35 amperes.  

ascer ta in  suitability fo r  use  in  this application a s  determined by: 

cur ren t  carrying capacities in and out of magnetic fields, (2) the repeatability 

of their character is t ics  in a large number of contacts and ( 3 )  the techniques 

that must  be used to make these contacts in a superconducting magnet. 

A wide variety of contacts were  tested to 

(1) their 

The contact making techniques that were t r ied include the following: 

copper clamps in which the superconducting wires  a r e  clamped between 

15 



indium coated copper plates, cr imps in which the superconducting wire  is 

crimped inside a copper or silver tube using either a hand or a hydraulic 

powered crimping tool, welds, soldered contacts, and p res su re  contacts 

where two superconducting wires  a r e  squeezed together in a grooved bulk 

superconductor. 

resul ts  were  obtained when the superconductors were  cleaned and etched 

before the contact w a s  made. 

In each case, except for the soldered connections, the best  

A resistance of one micro  ohm measured at an excitation current  of 

35 amperes  was established as a performance check in evaluating contacts 

that would be considered acceptable. 

experience had shown that contacts of this quality were  ra re ly  detected to be 

the origin of normal regions in superconducting magnets. 

This resistance value was chosen since 

The following is a listing of the contacts that were  t r ied together with 

a brief description of the contacts themselves and some of the results of the 

tes ts  that were  conducted: 

Clamped Contacts 

Table 3 i s  a listing of the performance that was obtained by clamping 

etched superconducting wires  between plates. 

clamping a power lead to one side of an indium coated washer and a spiral  

of etched superconducting wire  by means of a stainless steel  nut and bolt. 

Sample #11 was made by clamping an  etched superconducting wire  between 

a 1/2 inch square copper washer and a 2" by 1" rectangular copper plate. 

Sample #12 was made by clamping an  etched superconductor between a cop- 

pe r  plate 1'' long by 1/2" wide and a second copper plate 2" long by 1" wide. 

Sample # l o  was made by 

16 



Table 3 

Resistance and Zero  Field Quenching 

Sample No.  

l o  

11 

12 

--- ------ 

C r imDed Contacts 

Maximum Contact 
Re sis tanc e Quench Current 

(amp e r e  s ) ( 5 2  x 106) -__-____-__--- -------I- 

95 2 . 6  

52 1 9 . 4  

67 148 

A large number of crimped contacts:: were  maLe both for  t ransfer-  

ring cur ren t  f rom a normal conductor to a supercoiiductor and f rom supercon- 

ductor to superconductor. These contacts made use of either si lver o r  copper 

tubing having an outside diameter of 1/8" and an internal diameter of . 030".  

The bores of these tubes were either cleaned and etched o r  ultrasonically 

coated with pure indium. 

inch up to several  inches with the longer contacts consistently exhibiting the 

lower resistance values.  

The lengths of the contacts were  varied f rom 1/2 

A reliable normal to  superconducting contact was made by making 

use of a 2-1/2 inch long copper tube indium tinned with four superconducting 

indium coated leads placed in the bore. Three  of the leads acted a s  f i l lers  

while the fourth was the conductor. The normal conductor w a s  soldered to  

the tubing after the superconducting wires  were in place, however, a great  

deal of c a r e  was taken to keep the heat generated during this process  i r o m  

melting the indium coating of the tube. 

-__--____-_______--------- 
::This type of contact was f i r s t  used by R. Boom, Atomics International 
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A reliable superconductor to superconductor contact w a s  made by in- 

sert ing two indium coated conductors togtlther w i t h  two f i l ler  leads  into a 

3/4" indium coated tube and crimping 

Both the normal to superconductor and superconductor to supercon- 

ductor joints described above were  testtld in fields up to  thirty kilogauss 

and exhibited resistances lower than one mic ro  ohm at cur ren ts  of 25 am- 

pe res .  

exhibited higher res is tances  when subjected to a similar tes t .  

Contacts identical to those above but shorter  in length generally 

Table 4 is  a listing of typical res is tance values for several  contacts 
J, - a -  

in  s e r i e s  that were made as  described above, while Fig.  8 shows H-I curves  

for  one of these samples taken with the field parallel  and perpendicular to  

the direction of cur ren t  flow i n  the conductors. These curves a r e  typical 

of those taken for the contacts described above 

These curves clear ly  i l lustrate the advantages of orienting joints 

parallel  to the field whenever possible. 

Table 4 

Contact Resistance of Several Crimp-Type Contacts in Ser ies  
----______l______l_____l---_--______I-___ 

S ecimen N o .  -e_ --I--- 

13 

14 

15 

16 

Contact 
L e s t h  -- --- 

3/4" 

1/21! 

1/2" 

1 . 3  

2 . 5  

. 4  

::Detailed descriptions a r e  presented in Appendix 11. 
::::FN-S = normal to superconductor contact 

S - S  = superconductor to superconductor contact 
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P r e s s u r e  Type Contacts 

These contacts were used only to connect superconductors to supercon- 

They consisted of a copper block with a niobium-zirconium inser t  

A stainless steel  cap was used to  p r e s s  

ductors. 

grooved to  accept two .010" wires .  

both wires  together in  the block. 

when used in small  numbers, however, when used in  la rge  quantities, a high 

degree of quality control i s  needed to a s su re  consistent performance. To 

alleviate this burden, the blocks were backed up with the 3/4" cr imp type 

contact described. 

These contacts were extremely effective 

This dual type  contact proved to  be very effective. 

Table 5 i s  a listing of typical resistance values for  the dual type con- 

These resis tances  were taken with the conductors perpendicular to  tacts .  

the field and a t  a current  of 35 amperes.  

Table 5 

Resistances for Block Type Contacts in Para l le l  with 

Sample No. 

17 

18 

19 

20 

21 

22 

CrimD TvDe Contacts 

Sample Current  
(amDe r e s 1 

Resistance in a 
field of 35 Kg. 
(n x 106) 

35 

35 

35 

35 

35 

35 

.03 

.035 

.046 

.017 

.12 

1.0 

19 



Resistance Welded Contacts 

The performance of resistance welded superconducting contacts was 

studied using a range of welding pressures  and energies known to give 

satisfactory mechanical joints. 

contacts against the performance of the superconducting wire  itself shows 

that there  was considerable degradation for the welds studied. A signifi- 

cant point noted was that the resistance of the weld was immeasurably low 

while the contact w a s  superconducting. This, of course,  means that it is 

A comparison of the performance of welded 

necessary  to stipulate more  than resistance when specifying a supercon- 

ducting contact. 

More work seems to be needed on welds. Our conclusions were  that 

they, while not suitable for use  in large magnets, where contacts may be 

located in  high field regions, they could be used on smaller  magnets where 

they could be located in a low field region. Lower welding energies yielded 

higher H-I curves, although a s  the energy was decreased, the weld became 

structurally weaker. Orientation of the weld in  the field did not s eem to 

affect its performance. 

Soldered Contacts 

Soft soldered contacts can be made with superconducting cables o r  

braids i f  the individual s t rands of the conductor a r e  copper coated and a 

good bond exists between this coating and the superconductor. Contacts 

made in this fashion car r ied  cur ren ts  in excess of 350 amperes  in s ix  and 

seven stranded cables. 

The Effect of Contact Resistances on Coil Performance 

Table 6 is a listing of the maximum coil currents  and contact res i s t -  
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ances that were  obtained for  several  small coils. This data shows that 

coil performance can seriously be impaired by a defective contact. A 

decrease  in  contact res is tance from 40 p Q  t o  1 p a  at low fields usually 

causes  a la rge  increase in  coil quenching current.  

Nb-Zr wi re  were  initiated by the dissipation of as little as 3 milliwatts of 

power at the contact. 

Thermal  transitions in 

Decreases in  contact res is tances  below 12 micro  ohms 

did not s e e m  to lead t o  increases in  coil quenching currents .  

sistances above 12 micro  ohms affected coil performance although some 

Contact re- 

shor t  samples have operated up to 200 amperes  with 200 micro  ohm con- 

tacts. These higher resistance contacts had very large cooling a reas .  

Table 6 

Maximum Quenching Currents and Contact Resistances 

for  a Series of Coils 

Tes t  1 Test  2 
Max. Current  Max. Contact Max. Current Max. Contact 

Resis ta  ce 8 Coil No. (Q x 106) ( a  x 10 ) 
(amper e s ) Resistance (amp e r e s ) 

1 23.4 1250 32. 5 6.8 

2 17 46 51 0.2 

3 28 1 26 1 .5  

4 8 40 29.6 1 

5 10 72 26.2 1 

6 10 400 30 .66 
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CONCLUSIONS 

Both the analytical and experimental resul ts  indicate that the pe r -  

formance of a superconducting joint is strongly dependent upon the follow- 

ing factors:  

that exists between the conductors; (3) the length of the contact and (4) the 

orientation of the contact in the magnetic field. 

(1) the thermal  environment; ( 2 )  the magnitude of resistivity 

Superior performance was always obtained when contacts were  

lengthened, placed parallel  to the magnetic field. and placed in direct  con- 

tact  with liquid helium. 
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APPENDIX I 

The following i s  a list of the various long samples that were used to  

tes t  the theoretical predictions of this paper together with a description of 

the construction details of each of these samples. 

Sample #1 - This sample was made by inserting four copper 

coated .010" Nb-33% Z r  wires  into a 1/8 inch 0. D. 

.030" I. D. OFHC copper tube. Three of the super- 

conducting wires  were used a s  fi l ler  while the fourth 

was used as the conductor. 

wires  were copper coated with a thickness of -00075 

inches. 

wires  were  inserted into the tube. 

inserted 16 inches into the tube which was approxi- 

mately 20 inches long. The three fi l ler  wi res  were  

cut off a t  the end of the tube while the fourth wire  was 

inserted into a second copper tube separated f rom the 

first tube by a wire length of approximately 10 inches. 

The copper tube was crimped for its entire length with 

a diamond shaped die by means of a hydraulic p re s s .  

All of the superconducting 

This coating was sanded lightly before the 

All wi res  were  

A number 14 stranded wire  w a s  soft soldered to  

the copper tubes with a 50% lead, 50% t in solder. This 

lead was attached a t  the end of the tube away f rom the 

end into which the superconducting wires  were inserted.  

It was soldered to the tube over an  approximate length 

of two inches. This soldering was done after the tube 

2 3  



had been crimped. 

Voltage taps were soldered to the copper tube 

with high purity indium solder. 

Sample #2 - This sample was constructed in the same fashion as 

sample # I  except that it was hand crimped with a 

Stakon type T and B tool. 

at  l e s s  than 1/8 inch intervals and at 90° f rom one 

ano the r . 

Adjacent cr imps were  made 

Sample #3 - This sample was constructed in the same fashion as 

sample #l except that two .010" copper wires  were  

used a s  fi l ler  in place of the Nb-33'7'0 Z r  wires .  

Sample #4 - This sample was constructed in the same fashion as 

sample #3 except that the crimping was done in the 

same manner as in sample #2. 

This sample was constructed in the same fashion as 

sample #3 except that the copper coating was stripped 

f rom the superconducting wire  and the wire  was then 

ultrasonically coated with high purity indium. 

Sample #5 - 

Sample #6 - This sample was constructed in the same fashion as 

sample #5 except that it was crimped in the same 

manner a s  sample #2. 
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APPENDIX I1 

The specimens l isted i n  Table 4 were  composed of several  con- 

tacts.  

measurements  listed in the table were  taken ac ross  the entire specimen. 

Specimen 13  consisted of two power contacts and two supercon- 

A description of each specimen is given below. The resis tance 

ducting contacts connected i n  ser ies .  

superconducting contacts was less  than . 2  micro  ohms. 

The series resistance of the two 

Specimens 14, 15 and 16 consisted of two power contacts and four 

superconducting contacts in ser ies .  

superconducting contacts was - 7  micro  ohms, 1. 5 mic ro  ohms and l e s s  

than - 2  micro  ohms for  specimens 14, 15 and 16 respectively. 

The se r i e s  res is tance of the four 

25 



RESISTANCE OF T H E  NORMAL M A T E R I A L  

- Io 
SU P ERCON D U CTOR 

DI STR I B UTED SURFACE RES I STAN CE 

c 

NORMAL CONDUCTOR SUPERCONDUCTOR 

A I 

Fig.  1 Idealized circuit  diagram for the t ransfer  of cur ren t  

f r o m  a normal conductor. 
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I 
Io-' 

10-1 IO 

Fig. 2 The resistance of a contact a s  measured by (a)  potential taps 

a t  the beginning of the contact and the superconductor (R ) 

and (b) potential taps a t  the end of the normal conductor and 

the superconductor (Ri). 
length of the contact l? divided by the character is t ic  t ransfer  

distance xc. 

C 

Both a r e  shown plotted versus  the 

A2294 
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L R - I  

I 
COOLED 

Fig. 3 T w o  idealized normal to superconductor contacts. 

contact consists of a normal conductor which i s  exposed to 

helium up to the point where the contact s ta r t s ,  the lower 

contact is exposed to helium for i ts  entire length. 

The upper 

28 
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A2293 

NORMAL CONDUCTOR3 

I 

t 
SUPERCONDUCTOR 

CURRENT 

1 TEMPERATURE 

hPT (-1 

8.0 - 

TEMPERATURE 
6.0 - 

4.0 - 

COOLED 

- Q5 0-0 0.5 I .o 0 

Fig. 4 This figure shows the theoretical  variation of the cur ren t  in  

the normal conductor, cur ren t  in the superconductor, potential 

variation, total heating, and temperature  distribution for  

cooled and uncooled contacts as a function of distance. The 

plots a r e  made for 1 = xs and xs = 2 . 5  xo. 
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0 -  30 AMPERES 

0- 50 AMPERES 

0 -  70 AMPERES 

20 

17 15 

INCHES FROM END OF CONTACT 
START OF SUPER CONDUCTING WIRE 

Fig.  5 Voltage divided by cur ren t  fo r  a typical long contact. 
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START OF 
SUPERCONDUCT1 NG 

WIRE 

3.0 2.5 2.0 1.5 1.0 0.5 

INCHES FROM END OF CONTACT 

Fig. 6 Voltage divided by current  for  short  contacts. 
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A 2 6 7 5  

I I I I 

, lo-' Io-' I 

1 
X S  
- 

IO 

Comparison of measured values of R c s  / r x  versus  

to theoretical values for the same  quantities. 
1 /xs 
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- - 
- - 
- --*-- 4 WIRE CONTACT LYING - 

ALONG FIELD DIRECTION - - 
- -+ 4 WIRE CONTACT TRANSVERSE - 

TO FIELD 

- - 

\ 
- - 

\ 
'4. - 

\ 
\ 

- 
9 - 

- 
- - 
- - 

- - 

10 I I I I I I I I I I I I I - 
0 8 16 24 32 40 48 56 

Fig .  8 

FIELD (KILOGAUSS) 

Quench cur ren t  versus  magnetic field for  four, 

4-wire contacts in se r ies .  
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